This work reviews hydrodynamic analysis models developed for the design of Darrieus-type vertical axis marine current turbines, with particular emphasis on the prediction of hydrodynamic rotor performance, as well as their suitability for aiding the optimization process, either directly, or as a fast filter of potential blade profiles.
INTRODUCTION
Interest in the use of marine currents as a source of sustainable energy has been growing over the past years, and claims an important advantage over wind power in that its output is predictable on a daily basis. This greatly facilitates its integration into power distribution networks, which need constantly to match the power generated to consumers' demands. Use of this technology on a commercial scale took an important step forward in July 2008, when SeaGen, the world's first tidal turbine to exceed 1 MW, came online in Strangford Narrows, Northern Ireland. Although this is effectively two horizontal-axis turbines mounted laterally on the same tower, the dominance of the horizontal-axis over vertical-axis design is not as pronounced in the hydrokinetic energy generation market as it is for wind energy.
The relative proportion of 76 different hydrokinetic energy generation technologies as surveyed by Khan et al. [1] is shown in Fig. 1 . Since cross-flow turbines in this context are often forms of verticalaxis turbines rotated through 90°, but still transverse to the flow, it can be seen that there is little difference between the horizontal and vertical approaches until commercial implementation becomes a prominent factor. Possibly this latter fact is attributable to a lack of familiarity with the concepts involved, particularly with lift-driven vertical-*Corresponding author: School of Marine Science and Engineering, University of Plymouth, Drake Circus, Plymouth, PL4 8AA, UK. email: ydai@plymouth.ac.uk axis turbines, and maybe this makes potential financial backers cautious when considering such schemes.
Vertical-axis turbines, whether for wind or water, fall into two broad categories, the oldest being the drag-driven type using the same principle as cup anemometers. In the 1920s, the French engineer George Darrieus developed and applied for patents for several forms of lift-driven wind turbines [2] . These turbines all relied upon the lift generated on the downstream surface of aerodynamically profiled wings rotating about an axis transverse to the flow of the wind, and enabled the rotor blades to greatly exceed the wind speed. This also resulted in a much improved efficiency in converting the stream's energy into rotor power. Since that time many variations and adaptations have been devised to improve performance as well as attempting to overcome inherent problems relating to self-starting ability, vibration, and structural integrity.
The squirrel-cage turbine was part of Darrieus' original patent and comprised straight blades rotating transverse to the fluid flow about a vertical axis as shown in Fig. 2 .
A leading example of a Darrieus-type marine current turbine in use today is the 20 kW Kobold turbine positioned in the Messina Straits between Italy and Sicily. Produced by Ponte di Archimede International S.p.A., it is 6 m in diameter with a height of 5 m, and uses a variable-pitch mechanism to enable the rotor to reach working speed, thereafter acting as a fixed-pitch Darrieus turbine. According to the company's website [3] , test results have given a global efficiency of 23 per cent, although the method of determining this efficiency was not explained. The company is also involved in joint ventures installing larger versions of their turbines in China near Shanghai and in Indonesia off south-western Sulawesi.
The University of Plymouth (UoP), has tested a 0.9 m diameter by 0.7 m high squirrel-cage Darrieus turbine in a 4 m wide by 2 m deep water flume. Using two or three NACA0025 blades with four different chord lengths, a study was made of the effects of solidity (s), and tip speed ratio (TSR) (l), on the efficiency, the results of which were reported in two papers by Dai et al. [4] and Dai and Lam [5] .
The outline of the physical model turbine test rig set-up is given in Table 1 . The rotor was attached via a 2:1 step-up gearing to an electromagnetic brake, from which the applied load torque was measured. Instantaneous rotor speed was simultaneously recorded using shaft encoders. At the start of each test the brakes were set to zero load torque readings while the rig sat in still water. The tank pumps were then started and recording began when the turbine reached its steady-state free running r/min for the lowest test velocity. Torque was applied incrementally until it stalled the turbine. Further data were taken if necessary by reducing the blade torque to zero before restarting the turbine. When all data had been taken the flow velocity was increased to the next test velocity. When the data for all velocities had been taken for a particular configuration, the pumps were stopped and the water was allowed to come to a complete stop, whereupon any drift of the zero setting of the brakes was recorded. After this the rig was removed from the water to enable a new configuration to be set up. Benchmark performance data were obtained from the tank testing using the four sets of three straight bladed rotors fixed at a known radius under different flow velocities. Since the results differed significantly from those predicted by simple mathematical models, a review of modelling techniques was made in order to highlight their relative strengths and weaknesses, and usefulness in optimising the performance of the turbine.
MODELLING DARRIEUS WATER TURBINE
Previous reviews of models for vertical axis wind turbines include Brahimi et al. [6] and Islam et al. [7] covering aerodynamic models, and with Paraschivoiu et al. [8] and Paraschivoiu's book [9] also covering computational fluid dynamics (CFD) methods. Although aimed at aerodynamic design they typically represent the starting point for hydrodynamic models.
Double multiple streamtube (DMS) model
The first model to attempt to predict the efficiency of a Darrieus-type wind turbine [10] was based upon propeller actuator disk theory -replacing an 'egg-beater'-shaped turbine with a 'disk' square to the flow. This assumed that the induced velocity was constant across the disk and related to the turbine's drag, which was in turn an integral function of the forces acting on the blades. An improvement to this model [11] dissected the single actuator disk into multiple cross-sections (streamtubes) allowing different induced velocities, W, to be used locally for different angles of attack, a. It also accounted for the differing curves of the egg-beater blades at different heights.
A further improvement, the double multiple streamtube model [12] , separated the upstream path of the rotor from that of the downstream by way of an induced equilibrium velocity, V e , calculated for the midpoint of the streamtube path through a rotor. This allowed consideration of the fact that the larger part of any energy removed from the flow occurs in the upstream half path of the rotor, enabling optimization for blades that might take advantage of this bias. The model also considered the effects of wind shear in determining the local free stream velocity.
For the sake of convenience and brevity the double multiple streamtube model and the cascade model that follows have been given a common coordinate convention, which differs from the original papers. The model concepts relating to squirrelcage Darrieus turbines are illustrated in Fig. 3 , which also shows the convention system used. Lift and normal forces are positive towards the centre of the rotor. Tangential forces are positive in the direction of rotation.
The calculation of the turbine efficiency for a straight bladed rotor with the double multiple streamtube model follows an iterative process, using n two-dimensional (2D) streamtubes, which are later extruded along the blades' length. First an input induced velocity, V, is estimated for the upstream as a large fraction of the freestream velocity, e.g. V up ' 0.9 V N .This is used to calculate the relative velocities, W, and angles of attack, a, for each streamtube using equations (1) and (2) respectively
Normal and tangential force coefficients (equations (3) and (4) respectively) are calculated from static lift-drag data using the Reynolds number from the relevant induced velocity, and its associated angle of attack
C T = C L sin a À C D cos a
With these values a streamwise coefficient, C X is determined with equation (5), with positive values being in the direction of the stream. From this 
The mean value of the relevant u l for all streamtubes (n), obtained in equation (7), is then used via its relationship with the velocity ratio, to determine the new iteration value for V as shown in equation (8) 1
When the value of the induced velocity, V, has converged as close to the input value as accuracy requires, then it is used in equation (9) to find the equilibrium velocity, V e V e = (2u À 1)V '
To find the downstream induced velocity, the value for V e is used in the place of V N for equations (1) to (8) . Similar to the upstream half of the rotor, the initial input velocity V dn is estimated as a large fraction of V e . When the velocities have converged, the upstream and downstream tangential forces are calculated using equation (10) dF T 
The output torque, T, can be calculated using the average of the upstream and downstream forces, as shown in equation (11)
This value is then multiplied by the rotational velocity, v, to give the power, P, which, when compared with the maximum kinetic energy flux, Q KE , gives the turbine coefficient of power, C P , as per equation (12)
For full derivation of the equations including calculations for an egg-beater Darrieus, see references [9] , [11] , and [12] . Several improvements were made to the double multiple streamtube model to allow for effects such as axle shadow and struts [13] and streamtube expansion [14] . In spite of these improvements the streamtube models were seen by Paraschivoiu as invalid for high TSRs and solidities higher than Nc/r > 0.25. This was attributed to inadequacies with the momentum equations used to calculate the various parameters, as they assume a quasi-steady flow through the turbine [9] . Also the use of static lift-drag data for low-speed turbines is inappropriate without the use of an accurate unsteady hydrodynamics/dynamic stall model.
Cascade model
Two years after Paraschivoiu et al.'s paper on streamtube expansion [14] , a model [15] based on the cascade theory for turbomachinery was put forward by Hirsch and Mandal. It was claimed that it avoided the convergence problems found with high TSR and high-solidity rotors when using the aforementioned momentum models. Figure 4 shows the necessary transformation from a circular to an axial path and shows the conventions that are used here. For the sake of simple comparison, the original notation used has been changed where appropriate to that used in the DMS model above. For full derivation of the equations including calculations for an egg-beater Darrieus, see reference [15] .
The cascade model for a straight-bladed turbine starts by splitting the rotor into n 2D streamtubes with upstream and downstream sections as did the DMS model. It is also started with a similar estimate for V up . The relative velocity, W, and angle of attack, a, for blade 1 are calculated as in the DMS model using equations (1) and (2) respectively. The angle of attack and the Reynolds number, calculated from each local relative velocity, are used to discover the lift and drag coefficients, C L and C D , from static angle test data. These coefficients are then used in equations (13) and (14) to determine each extruded streamtube elemental lift, dL, and drag, dD, forces for blade 1
The ratio, e, of the drag to lift for each streamtube element in equation (15) is used to determine the circulation, G, around blade 1, with equation (16) as follows e = dD dL
The relative difference to the velocity of the other blades that this circulation makes is given by equation (17) , which supposes the axial cascade assumptions displayed in Fig. 5 dV
The angles of attack and associated relative velocities for the leading and trailing blades are calculated using equations (18) to (21)
These values are used in equation (22) to determine the elemental tangential force, dF t 
A pressure loss term, dp V , is found from equation (23) in order to find the pressure difference, p dif , before and after the cascade, using equation (24) 
This pressure value is then used to calculate a local equilibrium velocity, V el , as per equation (25) V el = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
To calculate the new value for V, a coefficient, k i , found by experimental fitting [15] , is obtained using the solidity, Nc/r, through equation (26) k i = 0:425 + 0:332Nc r
This coefficient is used to discover the local velocity, V l , via equation (27) . The average value of V l from all of the streamtubes then provides a new value for V for further iteration as necessary
The midstream equilibrium velocity, V e , is found from the converged upstream velocity with equation (28) , and is used in place of V N for calculation of the downstream half of the turbine. V el is also replaced by V wl for the downstream calculations
To calculate the coefficient of performance, C P , the average of the upstream and downstream tangential forces is used to find the power, P, as it was with the DMS model in equation (11) . This also is then divided by the maximum kinetic energy flux, Q KE , as seen in equation (12) .
For both the multiple streamtube and cascade methods, flow curvature [16, 17] and dynamic stall models [17, 18] have been implemented on rotors with NACA-0012, 0015, and 0018. Although the dynamic stall models were relatively simple it was found that they improved the predictions for the two methods.
Vortex models
Two-dimensional vortex models for vertical axis turbines were first published in 1976, apparently independently, by Holme [19] and Fanucci and Walters [20] . These did not account for dynamic stall which limited their use to higher TSRs. In 1979, Strickland et al. [21] produced a three-dimensional (3D) model that could account for dynamic stall effects and this was incorporated into the Sandia National Laboratories computer code VDART. For the time, although the most accurate model, this was computationally expensive, and led to Oler and Brownlee [22] developing the VDART-TURBO code, which used simpler assumptions about the effect of the shed vortex and saved significant computation time. Transcripts of masters' theses for both programs, that include full Fortran codes, are freely available online [23, 24] and consequently are not described here.
The main drawback to any of the above modelling methods is that they rely upon knowing the static lift and drag coefficients of the blades' profiles. This information, by its nature, is unknown when optimizing blade profiles, although it is possible to generate sufficiently accurate information using freely available panel method software, such as XFoil [25] or JavaFoil [26] . In order to overcome the inconvenience of separately sourced or generated data Wang et al. [27] incorporated a panel solver into a 2D vortex model and reported producing better results than the VDART code, although it did not allow for the dynamic stall effects experienced at low TSRs.
Unsteady hydrodynamics and dynamic stall
When a hydrofoil is pitched up or down in a flow, the lift and drag characteristics are extended for angles of attack beyond their normal static stall values. This is known as unsteady hydrodynamics. Dynamic stall (DS) is the phenomenon observed when the pitching foil sheds a vortex from its leading edge which then tracks back over the foil resulting in a temporary increase in lift. It is followed by a loss of lift as the flow becomes fully separated over the majority of the foil. This can be observed in Fig. 6 which shows the difference between modelled and experimental normal force data for an oscillating NACA0012 aerofoil, as well as the static data for the foil.
The main difficulty with predicting the effects of unsteady hydrodynamics is that, apart from pertinent CFD turbulence models, most methods use empirical or semi-empirical data to provide coefficients and mostly this is done for use in helicopter blade design. The result for marine turbine blade design optimization is that the necessary coefficients for novel blades are unknown or at best, educated guesses. Leishman [28] gave a good review of dynamic stall models for horizontal-axis wind turbines in 2002 including the popular Beddoes-Leishman [29] model.
Work by Sheng et al. [30] [31] [32] has improved upon the Beddoes-Leishman model at low Mach numbers and provided data for certain airfoils. Their oscillatory airfoil testing was closer to the apparent motion of the blades of the turbine being researched at the University of Plymouth (UoP), although the results also showed sensitivity of the coefficients to chord length as well as profile, which further hinders its use as a predictive tool for untested, novel profiles. A useful aspect of their work was the introduction of the equivalent reduced pitch rate (= reduced frequency 3 amplitude) that better facilitated the comparison of separate studies than the use of the reduced frequency alone.
The question of whether dynamic stall is a valid phenomenon in the hydrodynamics of an oscillating hydrofoil has been approached by Hoo et al. [33] and Liu et al. [34] , in both of which papers positive evidence was found, both experimentally and by CFD simulation. This evidence comprised particle image velocimetry captured vortices, shed from the leading edge, and hysteresis curves for lift/angle of attack data beyond 'normal' unsteady hydrodynamic hysteresis. The maximum lift angles were also extended well beyond the static lift maxima.
To date CFD simulations of the UoP turbine only show evidence of hysteretic unsteady hydrodynamics but no dynamic stall peaks. The simulations are far from complete with respect to comparison against the range of tank testing undertaken, but suggest that leading edge vortex shedding may be less common with thicker profile blades undergoing Darrieus motion at relatively low rotational speeds.
Hybrid methods
A hybrid between vortex and finite element methods (FEM) was presented by Ponta and Jacovkis [35] whereby the flow in the area local to each blade was calculated using a finite element technique, while the remaining flow field was calculated using vortex methods. As with the aforementioned 2D vortex panel method, lift and drag data were produced inherently by the model. Results showed a good correlation with experimental data, and although not designed to cover stall phenomena, it had the advantage of dynamic stall effects being inherent within the finite element area, provided a suitable mesh and turbulence model was used. In addition to this, the method significantly reduced the computation time compared to full FEM.
Another hybrid that did not require empirical or semi-empirical data was the vortex method of Akbari and Price [36, 37] . This was for 2D simulations of an oscillating aerofoil and used a finite difference scheme to calculate the stream function and the diffusion part of the vorticity, while a point vortex method was used to calculate the convection part of the vorticity. The accuracy was not as good as that of Ponta and Jackovkis's hybrid and comparison of computation time against more common finite volume solvers was not made, so it is not known whether or not the method is computationally inexpensive.
CFD methods
CFD has been widely applied to the prediction of performance and hydrodynamic loads in hydraulic machines. With the advance of powerful computers and high-performance parallel processing technology, CFD simulations are becoming more popular in many industrial and academic sectors. Contrary to the potential flow codes described above, CFD simulations do not need any experimental lift and drag data and can include separation from foils and the hydrodynamic interactions of the blade and structure induced drag and vortexes. In most of the previously published work, the literature typically related to wind rather than marine current turbines, and has followed to some degree or other the same development route, from helicopter blades to horizontal-axis to vertical-axis wind turbines.
Depending upon the turbulence model used, CFD modelling can be much more closely tailored to the physical marine current turbine being simulated. The main problem with this is the time taken to solve suitably fine meshes for transient simulations, and the associated costs if large-scale parallelization with a commercial solver is to be used. The numerical modelling of the straight-bladed VAMCT was carried out using the commercial CFD package, ANSYS CFX. CFX is a 3D flow simulation code for laminar and turbulent flows with complex geometries. By using the ANSYS CFX commercial code, the complication of applying CFD was reduced through interaction with a user-friendly interface. The built-in turbulence models, including rotating frames of reference can be easily assigned and implemented into the computational grid. In addition, the parallel processing ability enabled a high-performance parallel computer cluster to be used to model the rotation of the turbine and the transient turbulent features of the flow, in order to satisfy the high computational demand requirements. Owing to the symmetrical characteristic of the VAMCT, all of the computations were performed by assuming a 2D, rather than 3D, incompressible fully turbulent flow in order to reduce the demands on the treasured computational resource.
Obviously, a linked issue is the choice of the turbulence model used, as the methods available for good prediction of turbulent flows and separation typically require more computation time than simple k-e models. As previously mentioned, accurately modelling the turbulent flow is very important for low TSRs. This is attributed to vortices shed by a blade in the upstream half of its path interacting with the downstream and oncoming blades. The results of tank testing by the UoP showed a fluctuation in the torque generated other than that attributable to changes in the angle of attack. This meant that the efficiency of one rotation was not necessarily the same as that of the next and so an averaging over a number of rotations was necessary. CFD analysis of the same rotor also showed that the blade torque and turbine efficiency fluctuated over multiple rotations requiring substantial computer time to obtain an averaged efficiency. Typically Darrieus models have been compared against one rotation of test data, and while this may have been satisfactory for lower solidity/faster rotors, it can be misleading for lower speed and higher solidity turbines, owing to the greater number of vortices being shed and interacted with.
The finite volume method of modelling on unstructured meshes (unsteady Reynolds-averaged Navier-Stokes -URANS) was employed for the numerical simulation. A transient rotor stator model was used to capture the change of the flow field at a particular time in the transient fully turbulent flow simulation mode. A moving mesh technique was applied in order to rotate the turbine blades at a constant rotational speed and the SST (shear stress transport) k/v turbulence model was used to model the turbulent features of the flow. This method is a combination of the k/e and k/v models, which uses the k/v model near the wall but switches to a function of k/e model, when moving away from the wall closer to the upper limit of the boundary layer. The SST k/v model has been shown to give superior results for flow with strong adverse pressure gradients and is the only model which can predict the sudden characteristic of the stall observed experimentally. This modelling method has been successfully used for numerical simulations of flows around isolated wings and for vertical axis wind turbine aerodynamic analyses. Simulation runs were continued until stable results were obtained or the fluctuation in calculated results became cyclical. Using this proposed approach, the computation of the flow around a rotating straight-bladed vertical axis marine current turbine (VAMCT) was performed by the authors.
Recently Simão Ferreira et al. [38] and in conjunction with Bijl [39] have proposed a new method of model validation for vertical-axis wind turbine (VAWT) simulations by using particle image velocimetry (PIV). The two papers compare vorticity fields in simulations with various turbulence models against a PIV study for a 0.05 m chord NACA0015 blade at a 0.2 m radius, rotating at 75 rad/s, in a wind of 7.5 m/s. It was found that the detached eddy simulation (DES) results were better than URANS or large eddy simulation (LES) results, with the reasoning for the superiority of DES to LES being most likely attributable to a lack of very fine grid resolution at the blade surface. Another point of interest was the difficulty in establishing grid and time step independence due to the turbulent, random nature of the flow. This phenomenon has also been experienced in the UoP squirrel-cage turbine simulations.
Three published papers that directly simulate cross-flow turbines being tested in water were found in the literature. The first, by Antheaume et al. [40] , compared the efficiency of a single straight-blade Darrieus turbine and multiples of the same in power farm configurations. In order to test the validity of the CFD model, an egg-beater Darrieus CFD model was compared against three sets of wind tunnel experiment data. It was found that the model performed well for TSRs approaching the maximum efficiency and beyond. However, for lower tip speed ratios the model over-predicted the efficiency considerably, suggesting that it may not have perceived the unsteady aerodynamic effects sufficiently clearly. For the turbine being tested here this is a critical factor owing to its relatively low working speed.
The second and third papers, by Dai et al. [4] , and Dai and Lam [5] , describe the testing of several configurations of the UoP squirrel-cage Darrieus turbine in comparison with CFD simulations and DMS models, followed by a proposal for a 1MW prototype. The one 3D CFD validation case given showed good correspondence with the physical test results, although it was stated that only a moderately fine grid was used to save computing time, which may have led to finer details having been neglected. The turbulence model used was the shear stress transport 2k/v model, which, although not as accurate as DES, was less time consuming and has been shown by Martinat et al. [41] to improve upon the accuracy of URANS k/e models.
MODEL COMPARISONS
Contour plots of the percentage efficiency for the DMS, cascade, vortex, and test tank data models were made as they were found to show trends more readily than 2D graphs. They are shown in Fig. 7 for a free stream velocity of 1.62 m/s with a fixed radius of 0.45 m. The model contours used 11 TSRs for 11 solidities, while the test tank data entailed 11 TSRs for four solidities.
The DMS model predicted a maximum C P of 30.4 per cent at Nc/r = 0.98 and TSR = 1.94. The cascade model did not reach a maximum efficiency in the tested range, but extension to the solidity range showed that it reached a maximum of 29.5 per cent at Nc/r ' 1.23 and TSR = 2.28. Beyond this the downstream path of the blade began acting more and more strongly as a drag device and needed modelling differently. In the tested range the vortex model predicted a maximum of 58.4 per cent which is clearly unrealistic. The reason for this is unknown as it was possible to replicate the original results using the provided lift and drag coefficients on thinner blades, but produced unrealistic and unstable results for the NACA0025 blades using Sandia National Laboratory published data.
All of these results compared to a maximum of 33.4 per cent for the test data at Nc/r = 1.1 and TSR = 1.69. All models showed rising values in the top right corner of the contour plots, which were assumed to be due to unrealistic assumptions and so are not included in the values given above.
Although the rig was calibrated, some extra friction was unaccounted for in the turbine test. This would mostly affect the efficiency value rather than the optimum tip speed ratio, but both values for each point in the test data would increase with the incorporation of extra friction load. In terms of values for the efficiency, the DMS and cascade models were closest, both within 4 per cent of the test data, but the CFD model was based on 2D and initial coarse grids which produced an overestimation of C P .
The DMS model produced a C P maximum at a TSR closest to the test data TSR, followed by the vortex and then the cascade model. None of the models predicted the sharp drop in power where the turbine stalled but adjustments to include a turbine friction/minimum tangential force threshold could be included to help account for this. As with the test data the cascade and vortex models showed that a higher solidity may provide better efficiency, while the DMS models predicted an optimum solidity below that of the physical tests.
As well as the friction torque threshold, something that was noted during testing but not introduced into any of the models was that the tip speed ratio was not constant throughout a revolution but oscillated up to 15 r/min about an averaged value. Since the instantaneous power at any point is the product of the torque and rotational velocity, and this oscillation represents speed fluctuations of up to 20 per cent in amplitude, the location of the faster and slower parts of the cycle are important for accurate modelling. Observation showed that the upstream blade tended to slow as it reached its maximum torque point, but quantitative data were not taken. This observation implied that the models are over-estimating the efficiencies that would be found if more accurate induced velocities were to be used, and, in the DMS and cascade cases, are as close to the measured values as they are by coincidence. Figure 8 shows a comparison of an initial 2D CFD study, the DMS model, and test results for a rotor of solidity, Nc/r = 0.89. The adjustment for parasitic friction appears large but this was due to the rig being set up for separate tests that are not detailed here due to commercial confidentiality. The maximum C P value was obtained at a value higher than that of both the DMS model and the test results. The CFD model did not include the rig or axle and used a constant angular velocity. Also it did not allow for flow bypassing above and below the rotor, meaning that the input velocity was set higher than the actual apparent velocity meeting the rotor. Simulations using a full 3D CFD model that included both the full rig and a free surface effect would be expected to produce lower C P values than the 2D simulations owing to the effects of induced drag and vertical bypass of the flow. It is currently unclear as to how these differences would affect the position of the C P maximum with respect to the TSR and there is a need for instantaneous force data on a blade throughout one revolution and averaged over a number of revolutions. Without such data it is not possible accurately to validate the CFD code.
Regarding the time taken to produce the entire contour plot data on a 2.6 GHz processor with 3.5 GB RAM, the cascade and DMS models both took less than 5 s while the vortex model took approximately 20 min. By comparison, using 4 3 2.4 GHz cores with 3.25 GB RAM, a 2D simulation with~70 000 elements for one tip speed ratio and one solidity value, took approximately 8 days for six revolutions -the minimum deemed necessary to obtain reasonable torque averages.
CONCLUSION
It has been seen that the design and hydrodynamic performance of a Darrieus-type turbine depend upon the optimum solidity and a specific TSR at which the turbine will run. Blade profile/section is an important design parameter for any vertical-axis turbines. For higher-solidity lower-speed tidal turbines, the vortex, momentum and cascade models become less accurate, owing to the larger range of angles of attack introducing unsteady hydrodynamic factors, which are not possible to model well without prior knowledge. For this reason CFD methods become preferable for the detailed design and optimization of such turbines. The results suggest that finer resolution, advanced turbulence modelling, and inclusion of 3D effects may also be necessary. All of these tend to take a lot of time and computing resources to produce physically accurate results which need to be validated against averaged instantaneous force data for several revolutions.
FUTURE WORK
In order to find the most efficient blade profile, it would be necessary to perform many simulations at different tip speed ratios using many profiles. 3D simulations using a delayed detached eddy simulation turbulence model would be preferable to the 2D simulations used for this paper. At present, this would take a great deal of time and computing power, which is not readily available. To reduce this financial and computational expense it is necessary to effectively filter out under-performing blades before full simulation, without losing potentially useful candidates. For this reason more effective simulation strategies need to be found, possible solutions explored at UoP were published in a previous paper [42] , including drastically reducing the grid resolution on all but one of the rotor blades, or even to optimize for a one-bladed rotor first, or perhaps the use of high-performance computing (HPC) parallel processing for substantial reduction in simulation time.
Ó Authors 2011
APPENDIX Notation c blade chord length (m) C D drag coefficient C L lift coefficient C N normal force coefficient C P coefficient of performance = Tv/Q KE C T tangential force coefficient C X streamwise coefficient dp V pressure loss (Pa) D drag (N) F N blade normal force (N) 
